telencephalon is essential for the production of neuronal precursor cells (Casarosa et al. 1999; Nieto et al. 2001) . In the dorsal telencephalon, Ascl1, in concert with other proneural bHLH proteins from the Neurogenin family, promotes the neuronal commitment of multipotent progenitors while inhibiting their astrocytic differentiation (Nieto et al. 2001) .
Previous research utilizing P19 embryonic carcinoma cells has shown that these cells function as pluripotent stem cells. Once induced to differentiate into neurons by retinoic acid and aggregation, they exhibit biochemical and developmental processes similar to those that occur in early embryogenesis. Furthermore, they share several properties in common with embryonic stem cells isolated from mice and humans (Thomson and Marshall 1998) . Remarkably, transient transfection of NeuroD2, Ascl1, Neurog1 and related proneural bHLH proteins has shown that these key transcription factors are sufficient to convert uncommitted P19 cells into differentiated neurons (Farah et al. 2000) . The consequences of Ascl1 expression in P19 cells are similar to those observed in vivo (Gowan et al. 2001) : the differentiation of these transfected cells is preceded by elevated expression of the cyclindependent kinase inhibitor p27 kip1 and cell cycle withdrawal. Furthermore, these differentiated neurons exhibit electrophysiological properties of neurons (Farah et al. 2000; Huang et al. 2010) . However, little is known about the signaling cascades triggered downstream of Ascl1 that are involved in the differentiation and eventual function of these cells.
As a modulator of the sonic hedgehog and bone morphogenic protein pathways, cAMP-dependent protein kinase (PKA) is an essential integrator of signaling pathways (Tiecke et al. 2007; Ohta et al. 2008; Ghayor et al. 2009; Pan et al. 2009 ). During development, the cAMP/PKA pathway is critically involved in regulation of gene expression, cell growth, and cell differentiation. At low levels of cAMP, PKA exists as a tetrameric holoenzyme composed of two catalytic subunits and two regulatory subunits. Two genes encoding catalytic subunits of PKA have been identified in mammalians, designated Ca and Cb (Lee et al. 1983; Uhler et al. 1986; Hedin et al. 1987) . Four genes encoding the regulatory subunits of PKA are grouped into two categories: type I and type II. The type II regulatory subunits (RIIa and RIIb) contain an autophosphorylation site (Hofmann et al. 1975; Rosen and Erlichman 1975) , whereas the type I subunits (RIa and RIb) are not autophosphorylated. The regulatory subunits are modular, highly dynamic proteins that bind to two molecules of cAMP, which results in their dissociation from the catalytic subunits of PKA. These free catalytic subunits then go on to phosphorylate specific serine or threonine residues on PKA substrates, eliciting changes in their biological function (Corbin et al. 1988; Taylor et al. 1990 ). In addition, the regulatory subunits also serve to specifically target the PKA holoenzyme to the A-kinase anchoring proteins within the cell (Banky et al. 1998; Newlon et al. 1999) .
In addition to the regulatory and catalytic subunits, the protein kinase inhibitor (PKI) proteins are important physiological regulators of PKA (Dalton and Dewey 2006) . Three genes encoding different isoforms of PKIs (PKIa, PKIb and PKIc) have been characterized in mammals and these genes show conserved tissue-specific expression (Collins and Uhler 1997; Zheng et al. 2000) . PKIs were first identified as competitive inhibitors of the catalytic subunits and proposed to modulate the threshold for activation of PKA by cAMP (Ashby and Walsh 1972) . Later, PKIs were also shown to cause translocation of the catalytic subunit from the nucleus to the cytoplasm (Wen et al. 1994) . PKIc has been shown to be required for the termination of immediate early gene induction by PKA (Chen et al. 2005) and PKIa has been shown to suppress the Nodal-Pitx2 pathway in chick embryos (Kawakami and Nakanishi 2001) . In this study, we characterized PKA activation in P19 cells and demonstrated induction of all three isoforms of PKI during Ascl1-induced P19 neuronal differentiation. The magnitude of induction varied by isoform, and each PKI transcript also exhibited a distinct temporal pattern of expression. Short hairpin RNA (shRNA)-mediated knockdown of each isoform showed that PKIb -the most highly induced isoform in our model system -and its inhibition of PKA activity is necessary for Ascl1-induced neuronal differentiation in P19 cells.
Materials and methods

Materials
The following primary antibodies were used in these experiments: cAMP-response element binding protein (CREB), phosphorylated CREB, glyceraldehyde 3-phosphate dehydrogenase (GAPDH), polyclonal microtubule-associated protein 2 (Map2; Cell Signaling Technology, Beverly, MA, USA), Flag, monoclonal Map2 (Sigma, St Louis, MO, USA), b-III-tubulin (Covance, Princeton, NJ, USA) and Ascl1 (BD Pharmingen, San Diego, CA, USA). In addition, a polyclonal antibody was raised against peptides for PKIb (64-KDQGQPKTPLNEGK-78) and synthesized from Invitrogen, Carlsbad, CA, USA. Secondary horseradish peroxidase-conjugated antibodies were obtained from Cell Signaling Technology. A secondary Alexa Fluor conjugated antibody (goat anti-mouse Alexa Fluor 546) was purchased from Invitrogen. Lentiviral shRNA vectors were obtained from Open Biosystems (Huntsville, AL, USA); identification numbers along with hairpin sequences may be found in Table S1 . The hairpin shRNA sequences under the control of the human U6 promoter in the pLKO.1 vector were transfected directly into P19 cells without virus production.
Cell culture, transfection, and treatment P19 cells were obtained from the American Type Culture Collection and cultured in Minimal Essential Medium Alpha (Gibco, Rockville, MD, USA) supplemented with 7.5% calf serum (HyClone, Logan, UT, USA), 2.5% fetal bovine serum (HyClone), and 1% penicillin/streptomycin (Gibco). HEK293T cells were maintained in Dulbecco's Modified Eagle Medium (Gibco) supplemented with 10% fetal bovine serum (HyClone). Cells were kept at a temperature of 37°C, a minimum relative humidity of 95%, and an atmosphere of 5% CO 2 in air. Cells were maintained below 80% confluence and passaged by dissociating them into single cells using TrypLE Express (Gibco). Cells were transfected using the TransIT-LT1 transfection reagent (Mirus, Madison, WI, USA) following the manufacturer's instructions as described (Huang et al. 2010) . When necessary, the appropriate parental expression plasmid vector (US2) was added to maintain a constant total amount of DNA. US2-Neo and US2-Ca DNAs were constructed from previously described plasmids (Huggenvik et al. 1991; Chung et al. 2006) . US2-CaK72M encodes for a protein that renders PKA catalytically inactive by mutating a lysine residue near the N-terminus of the kinase in the protein kinase subdomain II to a methionine. This residue has frequently been mutated to eliminate the catalytic activity of protein kinases (Zoller et al. 1981; Huggenvik et al. 1991) . 8-(4-Chlorophenylthio)-cAMP (8-CPT-cAMP; SigmaAldrich) was dissolved in dimethylsulfoxide to a concentration of 20 mM. 8-CPT-cAMP was pre-diluted in serum-free media to a working concentration of 200 lM and added to cells that had been serum-starved for a minimum of 2 h prior to treatment.
Differentiation of P19 cells
Tissue cultures plates were laminin coated using the procedure described in Huang et al. (2010) . P19 cells were seeded at a density of 3.0 · 10 5 cells/mL onto uncoated tissue culture plates and allowed to recover for 24 h prior to transfection. After 6 h of transfection, cells were dissociated using TrypLE Express (Gibco) and then passaged onto laminin coated tissue culture plates. Cells were treated with 7.5 lg/mL puromycin (InvivoGen, San Diego, CA, USA) 12 h after transfection. After 24 h of transfection, the media was changed to stop puromycin selection. On day four, the media was changed to Neurobasal media (Gibco) supplemented with B27 (Gibco) and GlutaMAX (Invitrogen). Media was changed every 24 h thereafter.
Construction of PKI expression vectors
The sequence resulting in the 78 amino acid isoform of murine PKIb was PCR amplified from a PKIb 7.1 plasmid (previously described in Scarpetta and Uhler 1993) using the primer pair shown in Table S2 . The resulting PCR fragment was subcloned into the pGEM-T Easy vector system (Promega, Madison, WI, USA). The DNA was EcoRI/XbaI digested and then subcloned into EcoRI/XbaI digested US2 vector downstream of the ubiquitin promoter. This plasmid was further modified such that base pair complementation was not possible with the shRNA we found to be most effective at knocking down PKIb expression, but the final amino acid sequence of the protein remained the same. Silent mutations within the shRNA target sequence were introduced via PCR using the primer pairs found in Table S2 . Briefly, the first round of PCR generated a 5¢ mutant fragment (using the PKIbmut 5¢out and PKIbmut 3¢in primers) and a 3¢ mutant fragment (using the PKIbmut 5¢in and PKIbmut 3¢out primers) that had 24 overlapping nucleotides. These were then used as templates for the second round of PCR using the outer primer pairs (PKIbmut 5¢out and PKIbmut 3¢out) shown in Table S2 . The amplified fragment was EcoRI/XbaI digested and subcloned into EcoRI/XbaI digested US2 to create the US2-PKIb expression vector.
In order to create the null mutant US2-PKIb DNA construct, four amino acid residues (Phe18, Arg23, Arg26, Arg27) were mutated to alanine residues using the mutagenic oligonucleotide primers shown in Table S2 . Mutations were introduced via PCR as described for the US2-PKIb expression vector. The full-length mutated PCR product was EcoRI/XbaI digested and subcloned into EcoRI/XbaI digested US2 to create the US2-PKIbnull expression vector.
Mammalian expression vectors for human (h)PKIa and murine (m)PKIc were constructed from previously described plasmids (Scarpetta and Uhler 1993; Collins and Uhler 1997) . The coding sequences for PKIa and PKIc were PCR amplified using the primer pairs shown in Table S2 . The resulting PCR fragments were subcloned into the pGEM-T Easy vector system (Promega). The DNAs were EcoRI/XbaI digested and then subcloned into EcoRI/ XbaI digested US2 vector downstream of the ubiquitin promoter to generate US2-hPKIa and US2-mPKIc. All of the PKI constructs were sequenced to ensure that only the intended mutations were introduced. All oligonucleotides were synthesized by Invitrogen.
RNA isolation and quantitative real-time PCR analysis
Total RNA was purified from P19 cells with TRIzol reagent (Invitrogen). cDNA was synthesized from 2 lg of total RNA with SuperScript II Reverse Transcriptase and random hexamer primers (Invitrogen). Transcript levels were determined by quantitative realtime PCR (qRT-PCR) using the SYBR Green PCR Master Mix (Applied Biosystems, Foster City, CA, USA) and the MyiQ singlecolor real-time PCR detection system (Bio-Rad Laboratories, Hercules, CA, USA). The specificity of the amplification was verified with a heat dissociation protocol (from 72°C to 98°C) after the final cycle of the PCR. Each amplification determination was done in triplicate. Expression levels were calculated using the delta-delta CT method, with GAPDH serving as the normalization control. The individual primer sequences used to amplify target genes can be found in Table S2 . A paired Student's t-test was performed to compare the two groups, with data presented as means ± standard deviation with the significance level set at p < 0.05.
Dual luciferase reporter assay
Firefly and Renilla luciferase assays used the Dual Luciferase Reporter Assay kit (Promega). To account for differences in transfection efficiencies, firefly luciferase activity was normalized to that of renilla luciferase generated from the US2-RL plasmid (Huang et al. 2010) . Luciferase determinations were repeated a minimum of three times, and results were expressed as means ± standard deviation. The statistical significance of transactivation data was determined using a Student's paired t-test with the significance level set at p < 0.05.
Protein kinase activity assays
The PepTag assays were performed according to the manufacturer's instructions (Promega). This assay utilizes the Leu-Arg-Arg-AlaSer-Leu-Gly (Kemptide) peptide substrate tagged with a fluorescent dye. Upon phosphorylation, the net charge of this peptide changes from +1 to )1, which subsequently alters its migration when run on an agarose gel. Briefly, lysed cell extract expressing PKIb or functionally null PKIb proteins was incubated with the tagged Kemptide substrate and activator buffers at 30°C, and the reaction was resolved on a 1% agarose gel. Active protein was detected by the phosphorylated Kemptide migration toward the anode. Quantitative assay of kinase activity was based on density measurements of the bands using ImageJ software (http://rsb.info.nih.gov/ij) from three independent experiments. The statistical significance of differences in kinase activity was determined using a Student's paired t-test with the significance level set at p < 0.05.
Basal kinase activity measurement required a modified procedure similar to a radiometric kinase assay used previously (Uhler and Abou-Chebl 1992; Collins and Uhler 1997) . Cell pellets were resuspended in homogenization buffer (10 mM NaPO 4 pH 7.0, 1 mM EDTA, 1 mM dithiothreitol, 250 mM sucrose), sonicated, and protein concentrations were adjusted to 2 mg/mL. Assays (25 lL volume) were performed for 30 min at 30°C and contained 100 lM ATP, 5 mM MgAc, 15 lM fluorescent Kemptide (Promega), 10 mM Tris pH 7.4, 250 lM 3-isobutyl-1-methylxanthine, 5 mM dithiothreitol, 2.5 mM NaF and 400 lg/mL of cell extract. At the end of the 30-min incubation, tubes were frozen on dry ice then heated to 100°C for 5 min. Following electrophoresis of the assay mixture to separate phosphorylated from unphosphorylated Kemptide as described (Promega), gel slices containing the phosphorylated and unphoshorylated substrate were excised, solubilized and quantitated in a fluorescence plate reader. Basal kinase activity is expressed in Units/mg with a Unit equivalent to 1 pmol of ATP transferred per minute.
Sodium dodecyl sulfate-polyacrylamide gel electrophoresis and western blot analysis Cells were washed twice with Dulbecco's phosphate buffered saline (Hyclone) and lysed in buffer containing 10 mM NaH 2 PO 4 AEH 2 O, 1 mM EDTA, 1 mM dithiothreitol, 250 mM sucrose, 10 mM sodium fluoride, and complete EDTA-free protease inhibitors (Roche Molecular Biochemicals, Indianapolis, IN, USA). Lysates were sonicated, and protein concentrations were determined by the bicinchonic acid protein assay (Bio-Rad). Equal amounts of total protein were denatured at 95°C in the presence of sodium dodecyl sulfate, dithiothreitol, and b-mercaptoethanol. Samples were resolved on 16% Tris-HCl gels and transferred onto a 0.2 lm nitrocellulose membrane (Whatman, Florham Park, NJ, USA). Membranes were blocked for 2 h in phosphate-buffered saline (PBS) supplemented with 5% non-fat dried milk, 2% polyvinylpyrrolidone (PVP-40), and 0.1% Triton X-100 and subsequently incubated in primary antibody diluted in PBS supplemented with 0.5% bovine serum albumin and 0.1% Triton X-100 overnight at 4°C. Membranes were washed three times for 10 min with TBST (50 mM Tris, pH 7.5, 150 mM NaCl, 0.05% Tween 20), and then incubated with a 1 : 2000 dilution of horseradish peroxidaseconjugated secondary antibody in TBST supplemented with 5% non-fat dried milk. Following the final set of three 10 min washes with TBST, the blots were developed using Lumi-Light Western Blotting Substrate (Roche) according to the manufacturer's instructions. Quantitative assay of antigen expression was based on density measurements of protein bands using ImageJ software.
Rapid amplification of cDNA ends
The 5¢-cDNA ends were obtained with the SMARTÔ RACE cDNA Amplification Kit (Clontech Laboratories, Inc., Mountain View, CA, USA). For 5¢-rapid amplification of cDNA ends (RACE), 1 lg total RNA from the 36 h time point was reverse transcribed with the 5¢-RACE CDS Primer and SMART II A Oligonucleotide (provided). Three gene-specific primers for PKIb were designed based on the sequence reported in the NCBI database and can be found in Table S2 . 5¢-RACE PCR was performed with either PKIb 3.1, 3.2, or 3.3 along with Universal Primer A Mix according to the SMARTÔ RACE cDNA Amplification Kit user manual. Negative controls containing only the Universal Primer Mix or only genespecific primers were also performed. The amplified cDNA products were isolated, cloned into the pGEM-T Easy vector (Promega), and sequenced.
Immunocytochemistry Cells were washed once in Dulbecco's phosphate buffered saline and then fixed in 4% formaldehyde in PBS for 20 min. Cells were washed three times in PBS, and then blocked for 1 h in PBS supplemented with 2% goat serum and 0.1% Triton X-100. Cells were probed with primary antibodies diluted in blocking solution for 2 h at 23°C. After washing in PBS, cells were incubated with AlexaFluor conjugated secondary antibodies for 1 h at 23°C, followed by three PBS washes. For nuclear counter-staining, the cells were incubated in 4¢,6-diamidino-2-phenylindole dihydrochloride (DAPI; Invitrogen) for 10 min before being washed twice in PBS and imaged using an inverted Olympus IX70 fluorescence microscope (Center Valley, PA, USA). The percent of cells differentiated under each condition was calculated using the ratio of differentiated cells to the total number of cells (visualized by 4¢,6-diamidino-2-phenylindole dihydrochloride staining). Cells were qualified as differentiated if the processes were three times the length of the cell body. The statistical significance between groups was determined using a Student's paired t-test with the significance level set at p < 0.05.
Results
Characterization of the PKA-CREB pathway in undifferentiated P19 cells Initially, we sought to determine the role of PKA signaling in the neuronal differentiation of P19 cells. Previous studies to assess cAMP-inducible transcription with the F9 embryonic carcinoma cells demonstrated those cells to be refractory to cAMP, and the F9 cells only became cAMP-responsive following retinoic acid-induced differentiation (Strickland and Mahdavi 1978; Strickland et al. 1980) . P19 embryonic carcinoma cells have been widely used to study neuronal differentiation, but have not been examined previously for PKA function. To determine whether P19 cells exhibit PKA-CREB characteristics similar to F9 cells, we used a membrane-permeable analog of cAMP (8-CPT-cAMP) to carry out a PKA activation time course. P19 cells were treated for varying lengths of time with 8-CPT-cAMP and then subjected to western blot analysis. Similar levels of total CREB and PKA catalytic subunit (Ca) protein were observed at all time points (Fig. 1a) . pCREB immunoreactivity prior to 8-CPT-cAMP treatment was nearly undetectable, but increased after 15 min of exposure to 8-CPT-cAMP and remained elevated until 2 h, after which levels declined. The kinetics of CREB phosphorylation is typically transient in nature, peaking at approximately 30-min post-stimulation and subsequently diminishing to basal levels after 3-4 h following dephosphorylation of Ser133 by the protein phosphatases PP-1 and/or PP-2A (Hagiwara et al. 1992; Wadzinski et al. 1993) .
We also examined the ability of P19 cells to respond to exogenous and constitutively active PKA catalytic subunit (Ca). Functional PKA signaling in HEKT cells has been extensively studied and this cell line served as a positive control for transfected exogenous Ca subunit activity (Roche et al. 1996; Chow and Wang 1998; Papadopoulou et al. 2004) . P19 and HEKT cells were transfected with expression vectors for wild-type Ca or a mutant form of Ca (K72M), which significantly reduces the catalytic activity of the kinase (Brown et al. 1990; Huggenvik et al. 1991) . As expected, western blot analysis again shows comparable levels of CREB between HEKT and P19 cells (Fig. 1b) . In both cell lines, pCREB immunoreactivity increases when cells are transfected with the wild-type Ca expression vector. This increase is PKA activity-dependent, as no increase in pCREB immunoreactivity was seen in cells transfected with the mutant Ca (K72M) expression vector. An antibody against the catalytic subunit of PKA detected both the exogenous Ca and K72M, the latter of which has previously been reported to migrate faster than its wild-type counterpart due reduced autophosphorylation (Iyer et al. 2005) .
Finally, we characterized the transcriptional response of P19 cells to both cAMP treatment and exogenous Ca by utilizing a CRE-containing reporter vector composed of the human chorionic gonadotropin (HCG) promoter driving expression of firefly luciferase. The promoter of the HCG gene has been extensively used for reporter analysis, and the proximal 180 bp of the promoter contains two adjacent CREs that mediate basal and cAMP-stimulated transcription (Delegeane et al. 1987; Jameson et al. 1989; Mellon et al. 1989; Pittman et al. 1994) . P19 cells exhibited a 14-fold increase in CRE-luciferase activity upon transfection with a wild-type Ca expression vector, and a 17-fold increase in response to cAMP treatment (Fig. 1c) . HEKT cells exhibited a 38-fold increase in CRE-luciferase activity upon transfection with a wild-type Ca expression vector, and a 23-fold increase in response to cAMP treatment. This is in agreement with the results shown in Fig. 1(a) , suggesting that PKAregulated transcription via CREB is functional in undifferentiated P19 cells. In both cell lines, transfection with the K72M expression vector showed significantly less induction of CRE-luciferase activity. Together, these data show that P19 cells are a tractable system for studying cAMP-mediated effects, and suggest that PKA-CREB phosphorylation in P19 cells is similar to many other cell types such as HEKT cells but distinct from that reported for F9 embryonic carcinoma cells.
Characterization of PKA activity in differentiating P19 cells Transfection of proneural bHLH proteins such as Ascl1 has previously been shown to convert P19 cells into a relatively homogenous population of electrophysiologically differentiated neurons (Farah et al. 2000; Vojtek et al. 2003; Huang et al. 2010) . P19 cells were transiently transfected with either an empty plasmid expression vector (US2) or an expression vector for Ascl1 (US2-Ascl1). After 120 h following transfection, the majority of cells had adopted a neuronal morphology with round cell bodies and one or more long processes (Fig. 2a) . Neuron-specific class III b-tubulin (recognized by the TuJ1 monoclonal antibody) is widely accepted as a neuronal marker, and immunocytochemistry showed a high percentage (> 30%) of cells that had TuJ1-immunoreactive processes 5 days after transfection with Ascl1. In contrast, cells transfected with the parental US2 expression vector maintained the morphology of undifferentiated P19 cells but did show some detectable perinuclear immunoreactivity with TuJ1. This basal level of TuJ1 immunoreactivity was not because of the Neurobasal media change, as limited expression of TuJ1 is observed in untransfected P19 cells as well (data not shown). Western blot analysis showed that Ascl1 protein was transiently induced, with expression that preceded mature neuronal marker expression (Fig. 2b) . Neuronal markers such as Map2 and b-III-tubulin were induced following expression of Ascl1, with levels detectable as early as 36 h after transfection and remaining elevated throughout the time course.
To detect potential changes in PKA activity as P19 cells differentiate into neurons, a kinase assay was optimized to detect basal levels of PKA activity over the time course of differentiation. Basal kinase activity was measured at approximately 200 U/mg at 0 h, and a decrease in PKA activity was observed beginning as early as 24 h after transfection with Ascl1, undergoing a maximal, 2.7-fold reduction in kinase activity at 36 h post-transfection (Fig. 2c ). Levels of PKA activity then gradually recovered over the remaining duration of the time course. Total PKA kinase activity at all time points was approximately 2000 U/ mg (data not shown). The fluctuations in PKA activity were not because of a reduction in PKA C subunit protein as levels of catalytic subunit remain comparable across all time points (Fig. 2b) .
Regulation of PKI expression during neuronal differentiation
Microarray hybridization studies of genes induced after transient transfection of P19 cells with Ascl1 showed a significant, but transient, increase in expression of all three PKI isoforms (data not shown, D. Turner unpublished data). As the PKI proteins are important physiological regulators of PKA-mediated phosphorylation events, we pursued the possibility that PKIs were responsible for the reduction in PKA activity observed during the Ascl1-induced differentiation process. To confirm the microarray findings, we verified the microarray-based changes in PKI gene expression using qRT-PCR (Fig. 3a) . Because the spliced isoforms of the PKIa and PKIc genes are less complex than those of the PKIb gene, we first verified induction of the PKIa and PKIc genes. In concordance with the microarray data, PKIa and PKIc were induced after transient expression of Ascl1: maximal (18-fold) induction of PKIa was seen at 120 h, while maximal (6-fold) PKIc induction was observed at 36 and 48 h. To determine whether either of these isoforms is required for neuronal differentiation, shRNA vectors targeting the specific PKI isoforms in P19 cells were employed. The efficacy of five different shRNA constructs, each targeting a different region of the PKIa and PKIc transcripts, were evaluated via qRT-PCR analysis of cells transfected with the shRNA vector. Four shRNA vectors produced a statistically significant reduction in levels of PKIa transcript and two shRNA vectors were successful at reducing expression of PKIc (Fig. 3b) . Despite these reductions in mRNA transcript levels, co-transfection with these shRNAs did not result in significant effect on neuronal differentiation as these cells differentiated normally as determined by immunostaining (Fig. 3c) .
Protein kinase inhibitor b was the most highly induced isoform in our microarray hybridization analyses, and qRT-PCR confirmed an increase in the relative expression of PKIb transcript, showing a 2500-fold increase after the overexpression of Ascl1 at 36 h (Fig. 4a) . This increase in PKIb transcript levels corresponds to the time point at which a decrease in PKA activity was observed (see Fig. 2c ). Western blot analysis using a PKIb antibody showed that the expression of the PKIb protein also transiently increases during the differentiation process: the PKIb protein is first detectable at 36 h, which corresponds to the peak mRNA expression in the qRT-PCR results, and then declines. The PKIb immunoreactivity on the western blots appears at the expected molecular weight of 15.5 kDa (Scarpetta and Uhler 1993) , and the peak induction of PKIb protein occurs after that of the Ascl1 protein, with Ascl1 expression peaking at 24 h and becoming undetectable by 120 h. This expression pattern is in accordance with previous data showing that Ascl1 is transiently expressed in proliferating neural precursors: the protein appears before overt neuronal differentiation and disappears as markers of the mature neuronal phenotype are expressed (Lo et al. 1991; Casarosa et al. 1999) . The relative immunoreactivity of PKIb or Ascl1 protein to GAPDH protein is shown underneath each blot and indicates at least a 6-fold increase in PKIb immunoreactivity. These combined results show that both PKIb mRNA and protein levels increase during Ascl1-induced neuronal differentiation of P19 cells.
PKIb is necessary for Ascl1-induced neuronal differentiation As done for PKIa and PKIc, specific shRNA vectors were used to knockdown PKIb and determine whether PKIb expression is required for the neuronal differentiation of P19 cells. Five different shRNAs were assayed for efficacy of knockdown of the PKIb gene at 36 h, the time point where PKIb mRNA expression peaks (Fig. 5a) . As compared to the positive control (cells transfected with Ascl1), all five shRNAs significantly reduced PKIb mRNA transcript levels (p < 0.05). However, shRNA1 did not decrease PKIb expression as much as shRNA4 (which showed the greatest fold-reduction in PKIb expression). To determine whether knocking down PKIb results in changes in neuronal differentiation, we co-transfected P19 cells with Ascl1 in the presence of the shRNA1 or shRNA4 construct, and then used immunocytochemistry to assay for differences in neuronal differentiation 120 h post-transfection.
Cells transfected with shRNA1 showed fewer TuJ1-positive cells than the positive control (Fig. 5b ), but the difference in percentage of cells differentiated was not statistically significant (p = 0.09, Fig. 5c ). However, transfection with shRNA4 significantly (p < 0.01) reduced the percentage of differentiated cells. Western blot analysis of cell lysates using an antibody against Map2 supported our immunocytochemistry findings: a substantial increase in Map2 expression is observed in cells transfected with Ascl1, a slight decrease in Map2 expression is observed in cells co-transfected with shRNA1, and a dramatic decrease is seen in cells co-transfected with shRNA4 (Fig. 5d) . The levels of Map2 protein in cells transfected with shRNA4 are comparable to those of the negative control. These results show that not only is the shRNA4 construct the most effective at knocking down PKIb mRNA and protein expression, but it also perturbs Ascl1-induced neuronal differentiation in P19 cells.
To examine transcriptional changes in response to shRNAmediated knockdown of PKIb expression, qRT-PCR analyses were carried out (Fig. 6a) . Transfection with PKIb shRNA4 blocked induction of the PKIb mRNA transcript without affecting PKIa expression, and resulted in an apparent, but statistically insignificant reduction of PKIc transcript levels. This reduction is unlikely to be because of a direct effect of the PKIb shRNA, as it targets a sequence not conserved in PKIc. Furthermore, reducing expression of PKIb did not affect the induction of Ascl1 transcript or early downstream targets: recent research has shown that Gadd45c is a direct transcriptional target of Ascl1, and is also one of the earliest and most induced genes in the Ascl1-mediated differentiation process (Huang et al. 2010) . qRT-PCR analysis showed that the induction of Gadd45c transcript was comparable in cells where PKIb expression had been knocked down. Therefore, early events in Ascl1-induced differentiation appear to be intact in the cells transfected with PKIb shRNA4. However, neuronal markers such as Map2 were significantly reduced in cells where PKIb expression had been knocked down compared to the controls with an overall 5-fold reduction in expression.
Western blot analysis also verified that early gene expression changes appeared to be largely unaffected in cells where PKIb expression was reduced (Fig. 6b) . The neuronal marker b-III-tubulin was still strongly induced between 24 and 48 h in PKIb shRNA-transfected cells, but at later time points (72-120 h) there was no detectable expression of b-III-tubulin protein. In Ascl1-transfected cells, b-III-tubulin protein expression was detectable as early as 24 h and remained elevated throughout the time course. Ascl1 protein was also induced in both time courses, although its expression fell more quickly in PKIb shRNAtransfected cells with protein expression becoming undetectable past 48 h, whereas in the controls Ascl1 remained detectable up to 72 h post-transfection. To our knowledge, there is no direct evidence linking PKIb expression or PKA activity to Ascl1 stability or degradation.
Characterization of PKIb in P19 cells
As the PKIb transcript is known to undergo significant alternative splicing (Scarpetta and Uhler 1993; Kumar and Walsh 2002) , RACE amplification was used to characterize the PKIb transcript in differentiating P19 cells. Using three different reverse primers (Table S2 ) one major transcript was successfully amplified, which was subsequently isolated, cloned, and sequenced. RACE amplification products and a representative sequence from one amplified DNA clone is shown in Figure S1 . The predicted exon organization of the mouse PKIb gene includes exons 1, 5, 6, 7, 9 and 10. RACE amplification results show that in P19 cells, exon 7 is absent ( Fig. 7a ; open boxes represent non-coding regions, while the closed box represents the coding region). Exon 7 does not contain any elements crucial to the inherent activity of PKI, Open boxes represent non-coding regions, and the closed box represents the coding region. Exon sizes are indicated above the exon boxes. Target sequences for two representative PKIb shRNA constructs are underlined. (b) Amino acid sequence of murine PKIb. The numbering of the sequence begins with the known initiator methionine, and is placed on the left of the diagram. Amino acid residues known to be important in high affinity binding of PKIa for the C subunit of PKA are indicated with an asterisk on the top line (Phe18, Arg23, Arg26, Arg27). All four of these residues were mutated to alanines to determine their importance for PKIb function. (c) PKA enzyme activity, as determined by kinase assays using a fluorescent PKA substrate peptide (f-kemptide), is inhibited by exogenous PKIb. A representative UV-illuminated agarose gel of the products of kinase reactions run with f-kemptide and transfected cell homogenates is shown. PKA activity phosphorylates kemptide, which changes its net charge from +1 to )1. This allows the phosphorylated and non-phosphorylated forms of the substrate to be rapidly separated on an agarose gel. Densitometric analysis quantitated a 7-fold reduction of PKA activity in the presence of exogenous PKIb. This inhibition is dependent on residues critical to binding of PKA, as the functionally inactive PKIb protein (PKIbnull) failed to inhibit PKA activity. *p < 0.05. but it does include the region that makes it a highly potent inhibitor of cGMP-dependent protein kinase (PKG) (Kumar and Walsh 2002) . The predicted size of the PKIb protein is 15.5 kDa, in accordance with our western blot results (Figs 4 and 5) .
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With the identification of exon 1 by RACE amplification, we also constructed a promoter-reporter construct driving firefly luciferase to examine whether Ascl1 regulated transcriptional activity of the PKIb promoter. This reporter consisted of a 1.2 kb DNA sequence 5¢ of the transcriptional start site for exon 1 and contained two E-box (CANNTG) sequences. However, transfection of this reporter showed little firefly luciferase activity and no regulation by co-transfected Ascl1 (data not shown) although transfection of a previously characterized promoter-reporter construct for Gadd45c was highly regulated (Huang et al. 2010) .
Rescue of PKIb during neuronal differentiation
If the changes in neuronal differentiation observed in Figs 5 and 6 are dependent on PKIb protein expression, the effect of shRNAs for PKIb should be rescued by introducing exogenous PKIb protein. However, the shRNA4 construct targets a sequence within the PKIb coding region (Fig. 7a) . Therefore, we created a PKIb coding variant where the nucleotide sequence was altered to impede binding of shRNA4, but still produced the wild-type protein (Fig. 7b) . PKIs are competitive inhibitors of the catalytic subunit of PKA, and contain an inhibitor sequence Arg-Arg-Asn-Ala that serves to prevent phosphorylation (Van Patten et al. 1991) . Studies on the PKIa isoform have shown that the inhibitor sequence is important for PKA inhibition, as substitutions of Arg18 and Arg19 significantly reduced PKI potency (Scott et al. 1986 ). Other extra-inhibitory sequence residues in PKIa are also important for the high potency inhibition of PKA: two residues outside the pseudosubstrate sequence that contribute significantly to PKI interactions with the catalytic subunit of PKA are Arg15 and Phe10 (Glass et al. 1989; Baude et al. 1994) . The substitution of both residues leads to dramatic decreases in the efficacy of PKIa. The amino acids important for full inhibitory potency are conserved between PKIa and PKIb, so we determined whether the conserved residues important in PKIa function are also critical for PKIb inhibition of PKA. We introduced mutations in the corresponding four conserved amino acids (Phe18, Arg23, Arg26, and Arg27) in the PKIb coding variant sequence (Fig. 7b, indicated with asterisks) . All four residues were mutated to alanines. A PKA kinase activity assay was used to determine whether these proteins were functionally active (PKIb) or inactive (PKIbnull). Based on densitometry and the coupled kinase assay, exogenous PKIb reduced kinase activity 7-fold, while the functionally inactive PKIbnull mutant failed to inhibit the activity of PKA (Fig. 7c) .
Transfection of P19 cells with the exogenous wild-type PKIb construct restores the ability of P19 cells to differentiate in response to Ascl1 in the presence of shRNA4: immunocytochemistry shows increased number of TuJ1-positive cells with extended neurites relative to cells transfected with shRNA4 alone (Fig. 8a) . When P19 cells were co-transfected with the functionally inactive PKIbnull construct, a rescue of neuronal differentiation was not observed as evidenced by the lack of TuJ1-positive projections. Quantitation of the percentage of cells differentiated under each condition showed that 68% of the cells differentiated 120 h post-transfection with Ascl1 (Fig. 8b) . Co-transfection with shRNA4 reduced the percentage of differentiated cells to 1.6% of the total population. When exogenous PKIb was introduced, differentiation was restored with 53% of the cells expressing TuJ1. This rescue requires the residues previously shown to be important for PKIa inhibition of PKA because the functionally inactive PKIbnull mutant did not rescue the differentiation, as evidenced by significantly fewer differentiated cells compared to both Ascl1-transfected cells and cells co-transfected with Ascl1, shRNA4, and exogenous PKIb. Western blot analysis also showed increased Map2 (Fig. 8b) and TuJ1 (data not shown) protein levels in cells co-transfected with the exogenous PKIb. However, when cells were co-transfected with the functionally inactive PKIbnull expression vector, no significant difference in Map2 or TuJ1 protein levels were observed between this condition and cells transfected with shRNA4. Together, these data suggest that residues critical for PKIb inhibition of PKA are also critical for PKIbmediated neuronal differentiation downstream of Ascl1.
Compensatory up-regulation of other PKI isoforms has been reported previously (Belyamani et al. 2001) . As PKIb is the most highly induced PKI isoform, it is possible that it is required for differentiation simply because of its abundance relative to PKIa and PKIc. In order to determine whether PKIa and PKIc isoforms are able to rescue the neuronal differentiation of cells where PKIb has been knocked down, exogenous PKIa or PKIc were introduced into P19 cells that were also co-transfected with Ascl1 and PKIb shRNA4. To verify the over-expression of these DNA vectors, qRT-PCR was performed using primers designed to specifically amplify the exogenous mRNA transcript (Table S2) , and significant induction of exogenous PKI transcripts were observed in the appropriate conditions (Fig. 9a) . A no reverse transcriptase control was included that validated these increases as being independent of DNA contamination (data not shown). As previously observed, transfection with exogenous, wild-type PKIb partially restored the ability of P19 cells to differentiate in response to Ascl1. However, when PKIa and PKIc were over-expressed, no rescue of neuronal differentiation was observed, as evidenced by a lack of TuJ1-positive cell bodies with significant processes (Fig. 9b) . Western blot analysis of cell lysates using (Fig. 9c) . These findings suggest a role for PKIb in Ascl1-mediated neuronal differentiation distinct from that of PKIa or PKIc.
Constitutively active PKA prevents Ascl1-induced neuronal differentiation In order to determine whether the modulation of PKA activity by PKIb is critical for the Ascl1-induced differentiation, P19 cells were co-transfected with expression vectors for Ascl1 and the constitutively active Ca subunit (Fig. 10a) . Although an overall reduction in the density of cells was apparent after 120 h of transfection, cells that received Ca had a distinct lack of projections and TuJ1-immunoreactive cells. Western blot analysis (Fig. 10b) corroborated the immunostaining results, with protein expression changes similar to those that occur upon knockdown of PKIb (see Fig. 6b ): the neuronal proteins Map2 and b-III-tubulin are induced between 24 and 48 h in Ca-transfected cells, but at later time points (72-120 h) expression significantly declines. Ascl1 protein and its direct transcriptional target, Gadd45c, were induced in both time courses, suggesting that early events in Ascl1-induced differentiation appear to be intact in the cells transfected with Ca, but that cells with high PKA activity fail to express markers indicative of a differentiated neuronal phenotype.
Discussion cAMP-dependent protein kinase is critical for phenotypic specification and transition in the adult and developing nervous system, but its role in neuronal differentiation remains controversial with contradictory roles emerging depending on cell type. In vitro, PKA activity inhibits neuronal differentiation in SH-SY5Y human neuroblastoma cells by blocking the initial steps of neurite elongation (Canals et al. 2005) , and in NG108-15 cells, PKA activity also appears to inhibit neuritogenesis and neurite outgrowth rate (Tojima et al. 2003) . In vivo, PKA has been shown to effectively inhibit the progression of retinal neurogenesis in zebrafish via effects on cell cycle exit (Masai et al. 2005) . Conflicting research shows that in SH-SY5Y cells, PKA activity is necessary for the initial steps of cAMP-induced neurite elongation (Sanchez et al. 2004) . Similarly, in hippocampal HiB5 cells, treatment with a cAMP analog results in a dramatic increase in neurite outgrowth (Kim et al. 2002) . The importance of downstream effects of PKA activity were highlighted in a study where a dominantnegative inhibitor of CREB was shown to be effective in attenuating nerve growth factor-mediated differentiation of PC12 cells (Ahn et al. 1998) . Despite these incongruities, these data suggest that the level of active PKA expressed in a neuronal cell can have profound effects on neurite formation, which in turn can alter the excitability of a cell and its ability to generate and transfer electrical signals within the nervous system. Examination of the PKA-CREB signaling pathway in P19 cells showed that 8-CPT-cAMP was capable of activating the PKA pathway, as evidenced by increased levels of pCREB. Exogenous Ca also produced activation of a CRE-reporter (Fig. 1) . During Ascl1-induced neuronal differentiation, a kinase assay demonstrated that P19 cells undergo a significant, but transient decrease in PKA activity early in the differentiation process (Fig. 2) .
Measurement of basal kinase activity during Ascl1-induced neuronal differentiation demonstrated a significant reduction in basal kinase activity. As PKI proteins have the ability to inhibit basal kinase activity, we characterized the expression of these proteins. In our studies, following over-expression of Ascl1, microarray hybridization showed that P19 cells undergo a transient increase in all three isoforms of PKI, each displaying a unique temporal pattern of expression. We verified these results using qRT-PCR and found that the PKIb transcript was the most highly induced, exhibiting a 2500-fold increase in expression (compared to an 18-fold and 6-fold expression for PKIa and PKIc, respectively) that corresponded to the 2.7-fold decrease in PKA activity. We confirmed that the induction of PKIb mRNA expression was accompanied by a significant increase in PKIb protein (Fig. 4) . As PKIs are specific inhibitory regulators of PKA, we hypothesized that PKIs could be responsible for the observed inhibition of PKA activity during Ascl1-mediated differentiation. shRNA constructs targeting each isoform were evaluated for their ability to knockdown expression of all three PKI genes, and although we successfully identified a number of effective shRNAs for each isoform, only those targeting the PKIb gene prevented neuronal differentiation (compare Fig. 3 with Fig. 5) . qRT-PCR analysis determined that the shRNA-mediated reduction in PKIb mRNA and protein did not affect early events of Ascl1-mediated differentiation (e.g. Ascl1 and Gadd45c induction), and also did not significantly affect the expression of other PKI isoforms (Fig. 6) . The alternative splice variant of PKIb induced in P19 cells is a specific inhibitor of PKA (Fig. 7) and the shRNA blockage of neuronal differentiation was partially rescued by over-expressing PKIb protein. We found that this rescue of neuronal differentiation was dependent on four amino acid residues critical for binding of PKIb to the catalytic subunit of PKA (Figs 7 and 8) . As compensatory up-regulation of other PKI isoforms has been reported previously (Belyamani et al. 2001) , we also conducted experiments testing whether exogenous PKIa or PKIc expression could rescue the phenotype conferred by antisense knockdown of PKIb. Our results suggest a requirement for PKIb and its association with PKA during the neuronal differentiation of P19 cells. Importantly, the observation that neither PKIa nor PKIc were able to rescue the block to neuronal differentiation caused by PKIb shRNAs demonstrates a unique role for PKIb (Fig. 9) . Finally, very few culture systems have been described in which PKI gene transcription is regulated, making this P19 system a significant new model to study the physiological regulation of PKIs.
The three PKI protein isoforms -PKIa, PKIb, and PKIcare produced from three evolutionarily conserved genes that have widespread but distinctive tissue distributions (Collins and Uhler 1997; Zheng et al. 2000) . Mice deficient in PKIa exhibited defects in skeletal muscle, but show no gross defects in development or fertility (Gangolli et al. 2000) . PKIb-deficient mice exhibited a partial loss of PKI activity in testis, but remained fertile with normal testis development and function (Gangolli et al. 2000) . However, detailed studies of neuronal development in the PKIb deficient mice have not been carried out. Remarkably, PKIa/b double-knockout mice were also viable and fertile with no additional physiological defects (Belyamani et al. 2001) . Mice deficient in PKIc have not been described to date, and it is possible that PKIc compensates to some extent for loss of PKIa and PKIb in the mice deficient for the latter PKI isoforms. More recently, studies of osteosarcoma cells and fibroblasts have demonstrated that PKIc is necessary for the efficient termination of PKA signaling in the nucleus (Chen et al. 2005) .
Studies indicate that multiple forms of PKIb exist, related by covalent modification and alternate translational initiation (Van Patten et al. 1991 Zheng et al. 2000; Kumar and Walsh 2002) . PKIb was first isolated from rat testis as a 70 amino acid protein, but the genomic sequence suggested that an alternate form might exist, arising as a consequence of alternate translational initiation. This species, now termed PKIb78, is equipotent with PKIb70, and also occurs in vivo. Six additional species of PKIb are also evident in tissues: two of these represent the phospho forms of PKIb78 and PKIb70, while the other four represent phospho and dephospho forms of two higher molecular mass PKIb species. These latter forms are currently termed PKIb109 and PKIbY, and their molecular identities have yet to be fully determined . Our data indicate that the form expressed in P19 cells corresponds to the 78 amino acid isoform of PKIb expressed in the brain . Furthermore, the gene organization of PKIb elucidated from our RACE studies indicates that the P19 cell PKIb78 is a specific inhibitor of PKA. Other isoforms of PKIb exist that are dualspecificity inhibitors of both PKA and PKG, but the sequences required for PKG inhibition are located in exon 7, a region that is absent in the cDNA of PKIb in P19 cells. Human PKIB shares a 70% homology to mouse PKIb, most notably within the sequences for the pseudosubstrate site and nuclear export signal. In humans, PKIB is the predominant isoform expressed in the brain, and the PKIB cDNA also encodes a peptide of 78 amino acids (Zheng et al. 2000) . Because of the sequence homology between human and mouse PKIb and similar patterns of tissue specific expression, it is possible that PKIb may play a role in human as well.
Although the tissue-specific expression of mammalian PKI genes has been well characterized in past studies, tissuespecific functions of the PKIs have not been described in detail previously. The findings reported here suggest that PKIb can be highly regulated by bHLH proteins such as Ascl1 and that PKIb has an isoform-specific role in the neuronal differentiation of P19 cells. More detailed studies in the P19 cells and in PKIb-deficient animals should provide greater clarity into the properties of PKIb that are important for neuronal differentiation.
Disclosure/Conflict of interest
The authors have no conflict of interest.
Supporting information
Additional supporting information may be found in the online version of this article: Figure S1 . RACE amplification products and a representative sequence from one amplified DNa clone. Table S1 . shRNA sequences. Table S2 . Oligonucleotides used in the experimental methods. As a service to our authors and readers, this journal provides supporting information supplied by the authors. Such materials are peer-reviewed and may be re-organized for online delivery, but are not copy-edited or typeset. Technical support issues arising from supporting information (other than missing files) should be addressed to the authors.
